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CHAPTER I 
IN 'IRODUCTION 
1 
A load study is the determination of the voltage, current, power, 
and power factor at various points in an electric network under existing 
or contemplated conditions of normal operation. 
The following load study deals with the 41.6 KV distribution system 
of the City of Brookings, South Dakota. This system has recently been 
completed and placed in operation. Before installation of this system, 
the City of Brookings was served by a central steam generating plant 
operating at 4160 volts in a radial manner. When power became available 
from the USBR (United States Bureau of Reclamation), it was decided 
that it was no longer economically feasible to operate the steam plant, 
and a construction program of 41.6 KV lines and transformer substations 
was undertaken to supply power into the old 4160 volt feeders, and at 
the same time to provide for future expansion. Due to future system 
growth, and due to reports that have started coming in on low-voltage 
delivered to the customer, it seems reasonable to take a thorough look 
at the .system at this time. 
The voltage profile of the system is of special interest, as well 
as the line nows and the results of scheduled openings or additions of 
lines. Furthermore, the addition of a new substation, the 3M substation, 
is a case in planning future system expansion. With ·a11 these observa­
tions, it is possible to solve some of the problems and, therefore, 
recommend certain emergency procedures, 
CHAPTER II 
DESCRIPTION OF THE SYSTEM 
2 
The electrical system of the City of Brookings, is supplied by a 
USBR substation situated 2,7 miles north of the city. Two subtrans­
mission lines carry power from there to the various distribution substa­
tions located throughout the city. These ares the 115 KV substation, 
the Water Department substation and the SDSU substation located north 
of the citya the South-East substation, the West substation, the Power 
Plant substation located in the heart of the citya and an addition this 
year of the 3M substation that will be located further east of the 
South-East substation, These substations and other pertinent information 
are illustrated in Fig. I-1. 
On the system maps beginning with Fig. I-1, the designation of 
bus (5) as the "115 KV bus" follows common usage by Brookings Utility 
linemen. The bus shown in the figures is actually the 41, 6 KV bus, and 
the 115 KV bus is the high-voltage side of the transformer. 
North Switch 
West ( 2) 
(9) USSR 
( I ) 
Water Dept. ·- SDSU 
(7) ( 6) 
(5) 
I 
...__..tr� 
( 8) Power Plant 
South Switch 
(3) 
South East 
(4) 
Fig. I-1. The Brookings 41.6 ¥:'/ distribution system. 
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115Kv8us 
CHAPTER III 
ANALYSIS TECHNIQUE 
The Gauss-Seidel method using the bus admittance matrix is used in 
this analysis. The bus admittance matrix can be formed by a simple 
and straight-forward procedure because mutual coupling is not involved. 
A diagonal element Ypp of this matrix is equal to the sum of the admit­
tances of the network elements connected to bus p. An off-diagonal 
element Ypci is equal to the negative of the admittance of the network 
element connecting bus p to bus q. 
4 
The choice of the Gauss-Seidel method is due partly to the fewest 
number of arithmetic operations to complete an iteration. This is 
because of the sparsity of the network matrix and the simplicity of the 
solution technique. Consequently, this method requires the least time 
per iteration. The rat,� of convergence of the Gauss-Seid;l method using 
the bus admittance matrix is slow, requiring more iterations than the 
Newton-Raphson meth�d, for instance. No attempt is made to accelerate 
that rate since the network under study has so few busses. However, an 
increase in the rate of convergence can be obtained for this method by 
.applying acceleration factors. Also, the reduction of the network 
busses using the Kron's reduction method can hBlp accelerate the rate• 
of convergence. This can eliminate fictitious nodes such as the South­
Switch node and less important busses such as the Water Department bus. 
CHAPTER IT 
LINE P ARA11.ETE.lt3 
The system must be represented by its parameters. In order to 
calculate the line para.meters, it is necessary, first, to determine the 
impedance per unit distance of each cable used. The 2/0 ACSR and the 
JJ6.4 MCM-ACSR are the only cables found in the Brookings 42 KV system. 
The 2/0 ACSR lines are arranged in a three-phase manner with 
equilateral spacing. The spacing is equal to 4.5 feet and from the 
tables of the Westinghouse "Transmission and Distribution Reference 
Book," the characteristics of these lines area 
R = .895 ohm/mile 
XL= .8235 ohm/mile 
Z = (.895 + j.8235) ohm/mile. 
5 
The JJ6.4 MCM lines, like the 2/0 ACSR lines, are arranged in a 
three-phase manner however with flat vertical spacing. The spacing 
between adjacent phases is equal to 4.5 feet. Since this phase arrange­
ment is _not balanced, the inductance per mile of the line is found as 
follows from Stevenson's "Elements of Power System Analysis"a 
where 
XL= inductance 
r = frequency (60 cps) 
Dm = geometric mean distance 
D5 = self geometric mean distance. 
Dm and Ds are calculated using the following formulass 
Dm = 3-.J DabDbcDca \ 
Ds = re
-1/4 = , 7788r 
6 
where Dab, Dbc, Dea are the distances between phases and r is the radius 
of each phase (from tables). Sos 
Therefore 
Dm = 3.-fr, 5 X 4,5 X 9
1 
= 5, 7' 
Ds = 
.77�8
x
x
12
721 = . 0234' 
XL= 4.657 x 10-J x 60 x log� 
 
XL ::: ,662 ohm/mile. 
From the tables of the "Transmission and Distribution Refe.:·ence Book" 
the resistance per mile isa 
R = , 306 ohm/mile. 
The impedance per mile for the 336.4 MCM-ACSR is then equal to1 
Z = {, Jo6 + j, 662) ohm/mile. 
Line impedances are obtained by multiplying ths imped�ce values 
per mile by the approp1�iate distances as is shown in Table A. Tables 
B and C give the per unit valu·.".S on a 5 MIA base. 
TABLE A. 
Bus Code Impedance 
(omnLmile) 
1-2 . 306 + j. 6620 
2-3 . 895 + j. 8235 
3-4 .895 + j.8235 
4-5 . 895 + j. 823.5 
.5-6 . 306 + j. 6620 
6-7 . 306 + j. 6620 
1-7 . 306 + j. 6620 
1-8 . 89.5 + j. 8235 
3-8 .895 + j. 8235 
1-9 . 306 + j. 6620 
5-9 .306 + j. 6620 
Base impedance on 42 'lrv, 5 MJA 
Zbas e = <
42)� = 353 ohms 5 
LINE Il-lPEDANCES 
Dis tance Impedance 
�mile) (ohm) 
2. 50 0. 7650 + jl. 6550 
0. 94 o. 8400 + jo. 7740 
1. 00 0,89.50 + j0. 8235 
3,25 2. 9000 + j2. 6760 
0. 07 0. 0214 + j0. 046J 
0. 13 0. 0397 + j0. 0860 
0. 20 0. 0612 + j0. 013 
1.44 1. 2900 + jl. 2800 
0. 25 0. 2240 + j0. 2060 
2. 70 0. 8260 + jl,7800 
2. 70 0. 8260 + jl. 7800 
Base impedance on 115 l\'V, .5 NY A 
Zbas e  = (l
l5)
2 
= 264.5 ohms 
5 
TABLE B. LINE INPEDANCES BASED ON 42 m, 5 NVA 
Bus Code 
1-2 
2-3 
J-4 
4-.5 
6-7 
1-7 
1-8 
J-8 
5-9 
1-9 
Impedances 
(per unit) 
. 00210 + j,00470 
. 00230 + j. 00210 
. 00250 + j,00230 
. 00006 + j,00013 
. ooon + j. 00024 
. 00017 + j. 00004 
. 00360 + j. 00360 
. 00060 + j. 00060 
. 00230 + j.00500 
. 00230 + j. 00500 
7 
TABLE C. LINE ADMITTANCES ON 5 MVA BASE 
Bus Code 
1-2 
2-J 
J-4 
4-5 
5-6 
6-7 
1-7 
1-8 
J-8 
1-9 
.5-9 
Admittances 
(per unit) 
ao .o - j 177 .0 
237.0 - j 216.0 
216.0 - j 200.0 
6.5, 6 - j 60.8 
3000.0 - j6:,4o.o 
1600.0 - jJ440.0 
.5570,0 - jlJOO.O 
140.0 - j 140.o 
8JJ, O - j 8JJ.O 
7.5.0 - j 160.0 
75.0 - j 160.0 
8 
CHAPTER V 
DATA 
9 
The scheduled generation and loads and the assumed per unit bus 
voltages are given in Table D. These values correspond to a 55% loading 
capacity and a 9eyf, power factor and are typical of' peak loading 
conditions for 1970. 
TABLE D. SCHEDULED GENERAT!ON AND LOADS AND ASSilllED BUS VOLTAGES 
Bus Code Voltage 
(per unit) 
p 
(per unit) 
1 
2 
3 
4 
5 
6 
7 
8 
9 
(per unit) 
-0. 000 -0.0000 
-0.167 -0. 0814 
0.000 0.0000 
-0. 372 -0.1817 
0. 000 0.0000 
-0. 500 -0.2420 
-0.100 -0.0480 
-0. 500 -0.2420 
(slack bus) 
For Figure G where -the 2500 FNA bus is added to the system, 
additional data and line para.meters are needed. These are given in 
.Table E. 
Bus Code 
10 
4-10 
5-10 
TABLE E. ADDITIONAL DATA AND LINE PARAMETERS 
Voltage p Q Admittances 
(Eer unitl �Eer unitl ��r unit2 �Eer unit) 
.991.!!:_ -. 2475 -. 121 
452.0 - j415 
77.7 - j 71 
CHAPTER VI 
COMPUTER PROGRAM 
10 
The following is a sample program used throughout the study. Only 
small modifications are made in the data to account for opening or 
addition of a line. The "do" loops are also expanded to include the 
JM substation. 
CIVE�SICN G(lO,lC),H(l0,10),E(lO),F(lC),P(lC),C(lO) 
C I ;V >: F·,,; s 1 C N y ( 1 0 1 1. 0 } ' y ' l C ) 9 V l ( l O ) ' s ( l C ) ' z ( 1 0 ) ' p C { 1 0 ' l O ) 
CC�PLEX Y,V,Vl1S,Z,PC,SUM 
RE.AC(ll,l) {(G(!,J),I=l,lCl,J=l,lC) 
REAC(ll,l) ((8(1,J),1=1,10),J=l,lC) 
l FCP.'';.\f( 10F8.2) 
�E�Clll,2)(E(I),I=l,1C) 
REAC(ll,2)(F(I),l=l,1C) 
2 F C R t·� A T ( 1 0 F 8 • 2 ) 
READ(ll,3) (P(I),I=l,8) 
REAC(ll,3) {Q(I),I=l,8) 
3 FCR�AT(8FlC.3) 
P(l0)=-.2475 
Q(l0)=-.04 
M=O 
7 �=�+1 
5 
CC 4 K-=1, 10 
IF(K.EG.9) GO TO 4 
Y(K,K)=CMPLX(G(K,K),B(K,K)) 
V(K)=C�PLXtE{K),F{K)) 
Vl{K)=CCNJG(V(K)) 
SUtJ.=O. 
S(K)=C�PLX(P{K),C(K)) 
Z(K)=l./Y(K,K) 
OC 5 J=l,10 
IF(K.EQ.J) GC TO 5 
V(J)=C�PLX(E(Jl,F(J)) 
Y(K,J)=CMPLX(G{K,J),B(K,J)) 
SUM=SUM+Y(K,J)*l(KJ*V(J) 
CCNTINUE 
V(K)=(S{K)*Z(K))/Vl(K)-SUM 
E(K)=REAL{V(K)) 
F(K)=AI�AG(V(K)) 
IF(M.LT.595) GO TO 4 
WRITE(l2,l0) ECK),F(K) 
.,. .. 
10 FCRMAT(2X,Fl5.7,2X,Fl5.7) 
4 CGNTINUE 
6 
IF(M. LT.600) GO TO 7 
WRITE(l2,6){V(I),I=l,8) 
FCR�AT(lOX,8HVOLTAGES/(2X,8Fl5.7)) 
WRITE(l2,21) (V(l),l=lC,10) 
21 FCR�AT(2X,Fl5.7) 
8 
9 
CC 8 I=l,10 
CO 8 J=l,10 
Vl<I)=CCNJG(V(I)) 
Y(l,J)=CMPLX(G(I,J),B(I,J)) 
PC(I,J)=Vl(I)*(V(I)-V(J))�Y{l,J) 
CCNTINUE 
hRITE(l2,9)( {PC(I,J),I=l,lC),J=l,10) 
FOR�AT(lOX,�HPOWER/(2X,6Fl2.5)) 
STOP ___ _____ . _ ___ __ -----·- - . 
11 
CHAPTER VII 
OUTPUT 
12 
The processing of computer programs corresponding to the different 
simulated circuit configurations leads to the outputs that follow. 
These outputs co1:sist essentially of bus voltages and line flows for 
each configuration studied. 
(9) USSR 
North Switch ( I ) (5) ------
West ( 2) 
.· Water Dept. SDSU 
(7) (6) 
(a) Power Plant 
I 
� 
South East 
(4) 
· Sc uth Switch 
(3) 
Fig. A. System diagram. 
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115Kv8us 
SOUTH DAKOTA ST�TE UNIVERSITY lJBRARY 
2 3 4 5 6 7 8 
I 5865 1-80 
-.55 7 0 �,+o 
j177T ,+j 177 !}1�00 :j140 
-�o '317 -;:;37 
t} 177 -j�9,3 -\j�l 6 
-_Z37 \2;86 -2.,16 -S33 
tJZ\ b jlZA9 �JLOO +j?,�3 
-�\ 6 2,81. 6 -65".6 
+j200 jib0.8 -e�o.s 
�bs.6 314-0.6 -3000 
1)60.i j656D.8 ti6340 
-3000 4600 -1600 
�6340 :]9130 :j�440 
-5570 -1600 1i"TO 
+jl ?)OO tJ3+to ·;}4-146 
2 
3 
4 
5 
6 
7 
8 -14-0 -B33 , �73 +j333 
9 
I 0 
+j\40 
-,5 
+j I t'::,O 
-· 
-75 
+j\60 
Table 1. Ybus matJ. ix repr-: sentation ·or Fig. A. 
-J973 
14 
9 10 
-:1s-
-tj 160 
-,s 
+j\ bO 
. .  
150 
-j?JZO 
The final per unit bus voltages and line flows for the system of 
Figure A are given in Tables A-1 and A-2 respectively. 
TABLE A-1. BUS VOLTAGES FOR FIG. A 
Bus Code 
l 
2 
3 
4 
5 
6 
7 
8 
Voltages 
(per unit) 
0.9999 - j.00.52 
0.99�7 - j.0071 
0.9993 - j.0076 
0.9991 - j,0080 
1.0000 - j.0051 
1.0000 - j.00.52 
0.9999 - j.0052 
0.9993 - j.0076 __________ , _  
TABLE A-2, CALCULATED LINE FI.C�-JS FOR FIG. A 
Bus Code Line Flows (per unit) 
p Q -----
1-2 
1-7 
1-8 
1-9 
2-1 
2-3 
.3-2 
3-4 
3-8 
4-J 
4-.5 
.5-4 
5-6 
5-9 
6-5 
6-7 
7-1 
7-6 
8-1 
8-.3 
9-1 
9-5 
-.J648 
...;,0280 
-.4407 
.s.3.36 
.3645 
-,1975 
.1975 
-.1350 
-.0607 
.1349 
.2.370 
-.2376 
-• .5785 
.8169 
• .5785 
-.0741 
.0280 
.0741 
,4.397 
.0607 
-.8356 
-.8189 
-.1118 
-.0JJ8 
-.2496 
,.3958 
.1125 
-.0310 
,0311 
-.0414 
.0091 
.0415 
.1402 
-.1.396 
-.2477 
.,3888 
.2477 
-.0149 
.0.338 
.0149 
.2506 
-.0091 
- • .3914 
-.,3846 
15 
The slack bus power can be determined by summing the nows on the 
lines terminating at the slack bus. The slack bus power is: 
P - jQ = 1.6.545 + j.7760 per unit. 
16 
- North Switch 
West ( 2) -r 
(9) USSR 
( I ) 
Water Dept. SDSU 
(7) (6) 
South Switch 
(3) 
South East 
(4) 
(5) 
Fig. B. System w�t� 1-7, 8-J,_J-4 open, 
17 
IISKvBus 
2 3 4 5 6 7 8 - .-
�95 -:30 -14-0 
-J+77 �!77 4-j140 
�80 311 -?.i37 
-t,)177 j393 jlJ6 
-�37 Z3T 
-t;\Lit6 �-)ll 6 
65.6 -.65.6 
jbo.g t)60. CZ 
2 
3 
4 
5 
6 
7 
8 
-
-65.6 :1140.61�3D00 
.. __ , ..... _. 
9 
10 
-:140 
-Ul4-0 
�75 
t)l60 � 
�j 60 --� j65bD.i t}634 0 
-:3000 4600 -_f 600 
"!}5�40 j91io j3�40 ··-- --· 
�1600 I 1600 !}3340 j3}4c - -t,��l; ---· 
I I ···-· 
Table 2. Ybus matrix representadon of Fig. B. 
............. 
140 
�140 
18 
9 ro 
-: 75 
_,., 
+Jl60 
-.75 
+J\60 
_  I 
- --�.........-
150 
-j3Z0 -
� 
The final per unit bus voltages and line flows for the system of 
Figure Bare given in Tables B-1 and B-2 respectively. 
TABLE B-1. BUS VOLTAGES FO? FIG. B 
Bus Code 
1 
2 
3 
4 
5 
6 
7 
8 
Voltages 
(per unit) 
1,0000 - j.0041 
1. 0000 - j,0051 
1.0000 - j.0051 
0. 9982 - j,0104 
1.0000 - j,0061 
1.0000 - j,0062 
1.0000 - j,0062 
0. 9990 - j,0068 
TABLE B-2. CALClJLATED Lil�E FLOWS FOR FIG. 
Bus Code Line Flows (per unit) 
p Q 
1-2 -.1676 -.0806 
1-8 -,5012 -. 2407 
1-9 ,6689 ,3213 
2-1 .1675 ,0808 
2-3 -e0002 . 0001 
3-2 . 0002 -.0001 
4-5 ,3720 .1816 
5-4 -,3734 -.1803 
5-6 -,60.34 -. 2826 
5-9 . 9770 .4655 
6-5 . 6033 . 2827 
6-7 -.1002 -.0474 
7-6 .1002 ,0474 
8-1 • .5001 ,2418 
9-1 -.6702 -.Jl84 
9-5 -. 9798 -.4595 
Slack bus powerr P - jQ = 1.65 + j,7779 per unit. 
B 
19 
North Switch 
West ( 2) 
U S B R  
( I ) 
Water Dept. SDSU 
(7) (6) 
( 8·� Pof er Plant 
� 
South Switch 
(3) 
South East 
(4) 
(5 ) 
Fig. c .  System with 1-9, 8-J, J-4 open. 
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1 15Kv 8us 
I 
I 5 79 0  j l 6 l 7 
� • 'j"  
- BO 
tJ l 7 7  
- 5570 
� ) 300  
-: 1 40 
2 
3 
4 
5 
6 
7 
8 . +j 1 4 D 
9 
I 0 
2 3 4 
- so 
-f;J ! 7 ?'  
3 1 1' - 1(, �T 
j 333 tj Z, \ 6 
-:Z 3 7 Z 3 T 
t)Z I 6 �Z l 6 
(;) S. 6  
j 60. 8 
-6 5 . 6  
tJ 6o.i 
.. 
�---
5 6 7 
-.55 TO 
-tj l300 
-:65. 6  
+j � .'\ _ � 
3 1 L) .'. 6 : 3 0 0 0  
j&5&0.i t¼,340' 
-3 0 00 t '=>O 0 �1 60 0 
ti6340 j <J 7<30 � �410 
-: ll: ) O 0 7 1 70 
t.) 3¥\6 -;J4740 
. 
,. 
- 75 
+j I �O 
~ ·  
Table· J.  Ybus matrix representatiun of Fig. c .  
21 
8 9 10 
- 1 + 0 I +J f fO r I 
1 
- 75 
tj ) 6 0 
1 + 0 
-j 1 4 0  
75 
-J \ '10 
The final per unit bus voltages and line flows for the system of 
Figure C are given in Tables C-1 and C-2 respectively. 
TABLE C -1. BUS VOLTAGES FOR FIG. C 
Bus Code Voltages 
______ , (per unit) 
l 
2 
3 
4 
5 
6 
7 
8 
0. 9998 - j.0108 
0.9999 - j.0118 
0. 9999 - j.0118 
0. 9982 - j.0146 
1. 0000 - j. 0103 
0. 9999 - j. 0105 
0. 9999 - j. O� 07 
0. 9989 - j. 0135 
TABLE C-2. CALCULATED LINE FLOWS FOR FIG. C 
Bus Code 
1-2 
1-7 
1-8 
2-1 
2-3 
3-2 
4-5 
5-4 
5-6 
5-9 
6-5 
6-7 
7-1 
7-6 
8-1 
9-5 
Line Flows (per unit) 
p Q 
-0.1672 
0. 6660 
-0, 50ll 
0.1672 
-0.0000 
0.0000 
0. 3720 
-0.3734 
-1. 2734 
1. 6.507 
1. 2732 
-0. 7710 
-0. 6660 
0. 7709 
0. 5000 
-1. 6587 
-. 0812 
. 3259 
-. 2408 
. 0813 
.0000 
-. 0000 
.1817 
-.1804 
-.6122 
. 7947 
. 6125 
-. 3718 
-. 3259 
. 3720 
. 2419 
-. 777.5 
Slack bus power s P - jQ = 1.6.587 + j. 7775 per unit. 
22 
North Switch 
West ( 2) 
( I ) 
Water Dept. SDSU 
(7) C u > 
.......... ---e---� ,_.,._.. 
( 8 :- Power Plant 
-···• r + 
tr 
South East 
(4) 
South Swf tch 
(3) 
Fig. D. System with 5-9 , 8-J , J-4 open. 
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(5) I ISKv Bus 
2 
3 
4 
5 
6 
7 
8 
9 
10 
$8 h5 
j l 777 
-:- 80 
t:) 1 7 7 
-·-
�55 70 
U \ 3oo 
7" 1 4 0  
tl 1 4-0  
:-75 
"tj l 6 0 . 
l 
2 3 4 
-:- 80 
tJ r 7 7  
3 1 7  -�-3 7 
j�93 � Z,\ 6 -:21 ::>  7 'l 37 
ti? \ j �\ 6  
l;) 5. G 
jbD.8 
· ···-' -:65 .  6 �b0.8 
-· 
-
-,--·-
5 6 7 
-.55 7() 
tJ l 300 
-. 65:6 
+jbo .i 
3065.6 -3DOO 
�64- 00 +j 6340 
-_.30(,"(> 1 4 600 :- 1 600 
tJ6340 ;)9,i_o '!J 34-4 0 
, - 1 600 7 1 70 
ti3440 ;},-T-4 0 
-T 
Table '4 .  Ybus matrix representation of Fig. D. 
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8 9 ro 
. -:- 1 4-0 -:75 
:I 1 4 0 tJ l 6O 
-� 
,,.. ___ ., _,_ 
1.40 
.-J,l 40 
1 5  
-J l 60 �· 
� -
The final per unit bus voltages and line flows for the system of 
Figure D are given in Tables D-1 and D-2 respectively. 
TABLE D-1. BUS VOLTAGES FOR FIG . D 
Bus Code 
l 
2 
3 
4 
5 
6 
7 
8 
Voltages 
(per unit) _ 
0.9999 - j.OlOJ 
1.0000 - j.OllJ 
1.0000 - j.0113 
0.9981 - j.0151 
0.9998 - j.0108 
0.9998 - j.0107 
0.9998 - j.0104 
0. 9990 - j.01.30 
TABLE D-2. CALCULATED LINE FLCY.,r' FOR FIG. D 
Bus Code Line Flows ( per unit) 
p Q ------
1-2 
1-7 
1-8 
1-9 
2-1 
2-3 
J-2 
4-5 
5-4 
5-6 
6-5 
6-7 
7-6 
7-1 
8-1 
9-1 
-0.1677 
-0. 9799 
-0.5011 
1 .6509 
0 .1677 
-0 . 0002 
0.0002 
0. 3720 
-O .J734 
0, 3758 
-0.)758 
o.8785 
-0.8786 
0. 9796 
0.5000 
-1 .6.590 
-.0806 
-.4702 
-. 2408 
. 7942 
.0808 
.0001 
-.0001 
.1817 
-.1804 
.182.3 
-.182.3 
.4221 
-. 4219 
.4702 
. 2419 
-. 7770 
Slack bus powers P - jQ = 1.659 + j,777 per unit. 
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( 9) U S S R  
- North Switch ( I ) 
Water Dept. SDSU 
( 7 )  ( 6 )  
(8 ) Power Plant 
West ( 2)  
South Swi tch  
(3) 
Fig. E. System with 1-9 open� 
� 
South Ea t 
(4) 
(5) 
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I IS Kv Bus 
I 
2 
3 
4 
5 
6 
7 
8 
9 
0 
I 2 3 
5.79 0  -:- � O 
-J l 61 7 H� 1 1 7 
-. '3 0 J J T �Z 37  
-B l 7T j 39 3  tJ 2: \  6 
-_Z. 3 7 1 z i 6 
� Zl 6  -j / Z49  
-Z, 1 6  
� 2,00 - ·· 
. . 
-_55 70, 
t H3oo . 
- 1 4-0 
,, ..-.,• �· . .  
- <3 33 
+J l 40 -d ?-3 3 
.._. ,--:!t. ... �·· 
4 5 6 7 
-;) 5 '{0 
1j J 300 
- Z,  \ 6 
+j ioo 
Z & l . 6 -fc/j, b 
�jZ,&0.8 � 60. '3 
- 6� . b 314 0,6 � 3o oc 
j b0 - 8  �6?60.i j 6> �4 C 
: 3600 ,tbOO - 1600 
4J�34D -J 'l 71>◊ :J 3HD 
- \ 600 71 70 
1-J 34-4 6 j474D . 
-_ 7.5 
t.\ 1-60 
Table 5 . Ybus matrix representation of Fig. E .  · 
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8 9 10 
-. 1 1- 0 
-!_\ 1 4 D  � 
- S3� 
�j t�3 
-75 
°!J I 60 
9 7 3 
-J 9 7..3 ,  . . . .  .._.. �. , . -(
S 
I � 1 60 -
The final per unit bus voltages and line flows for the system of 
Figure E are given in Tables E-1 and E-2 respectively. 
TABLE E-1 . BUS VOLTAGES FOR FIG. E 
Bus Code 
l 
2 
3 
4 
5 
6 
7 
8 
Voltages 
(per un�.  
0.9998 - j.0109 
0.9996 - j.0128 
0.9992 - j.OlJJ 
0.9989 - j.0136 
1.0000 - j.0103 
0.9999 - j.0106 
0.9999 - j.0108 
0.9991 - j.0133 
TABLE E-2. CALCULATED LINE FLOWS FOR FIG. E 
Bus Code 
1-2 
1-7 
1-8 
2-1 
2=3 
J-8 
J-4 
J-2 
4-J 
4-5 
5-4 
5-6 
5-9 
6-5 
6-7 
7-1 
7-6 
8-1 
8-J 
9-5 
Line Flows (per unit) 
p Q 
-0.3550 
0.7827 
-0.4287 
0.3.548 
-0.1876 
-0.0726 
-0.1122 
0.1875 
0.1121 
0.2598 
-0.2606 
-l.J884 
1.65.54 
l.J882 
-0.8846 
-0.7829 
o.8845 
o.4278 
0.0726 
-1.6636 
-.1074 
.3536 
-.2409 
.1080 
-.0264 
. 0003 
-.0271+ 
.0265 
.0274 
.1.543 
-.1536 
-.6421 
.7973 
.6424 
-.4021 
- . 3.536 
.4o2J 
.2417 
-.0003 
-.7800 
Slack bus power& P - jQ = 1.6636 + j.78 per unit. 
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North Switch 
West ( 2)  
( I ) 
Wa er Dept. SDSU 
(7) (6) 
( 8 )  PON·: r Plant 
South Switch 
(3) 
i' 
South East 
(4) 
Fig. F. System with 5-9 open.  
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(5 ) I IS Kv Bus 
I 
�S b5 
j l T( 7 
2 -. '60 � l 77  
3 
-:55 70 
-tJ 1 300 
-: 1 40 
4 
5 
6 
7 
8 · tl 1 4 0  
9 
I 0 
-. 75 
tJ l bO 
2 3 4 - so 
I 4_1 1 7 7,  
3 / 7 -2, 3 7 
:J 3� 3  �li b 
-z 2, 7 , .� £> 6 -? l b 
tj Z, 1 6 -JIZ 4 9  tJ Z,00 
- _Z l 6  2 � 1 - 6  
-u z oo ::)Z60.i 
- .b fi . 6  
+j b0. 8 
-% 3 3 
+J 1:i33t 
f 
,-- � ... 1 . , 
5 6 7 
-.ss70 
� 1 300 
-:- 6S. 6  
� t, 0 .. 8 
3C,,5.6 -..300 0 
�6100.8 +J6340 
- 3 0C>D 4 600 -1 c oo 
� b3+D -J971SO !j 34 4 0  
-/6 DC 71 70 
"tJ 3-1-1 0 :J4740  
, 
- -· 
: 
Table #6. Ybus matrix representation of Fig. F. 
JO 
8 9 10 
-: 14D -_7S 
ij l 40 t-J \ 6 D 
-<t, 3>3 
fj�3 3  
9 73 
:i 9 T3 
-rs 
j l 60 
The final per unit bus voltages and line flows for the system of 
Figure F are given in Tables F-1 and F-2 respectively. 
TABLE F-1. BUS VOLTAG�S FOR FIG. F 
Bus Code 
1 
2 
3 
4 
5 
6 
7 
8 
Voltages 
(per unit) 
0. 9999 - j.0103 
0.9997 - j.0124 
0.9992 - j.0129 
0.9990 - j.0134 
0.9998 - j.0107 
0.9998 - j.0107 
0.9998 - j.0104 
0.9992 - j.0129 ------· ·-·---
TABLE F-2. CALCULATED LINE FLOWS FOR FIG. F 
Bus Code 
1-2 
1-7 
1-8 
1-9 
2-1 
2-3 
3-2 
3-8 
3-4 
4-3 
4-.5 
5-4 
5-6 
6-5 
6-7 
7-1 
7-6 
8-1 
8-3 
9-1 
Line Flows (per unit) 
p Q 
-0. 37.54 
-0.8246 
-0. 4.53.5 
1.6.574 
0.37.51 
-0.2079 
0.2078 
-0.0479 
-0.1.571 
0.1.571 
-0.2149 
-0.21.54 
0.2193 
-0.2193 
0. 7233 
o.8244 
-0. 7234 
o.4.52.5 
0.0479 
-1.665.5 
-.1163 
-. 4145 
-. 2588 
.7926 
.1171 
- .. 0356 
.0357 
.0183 
-.0550 
. 0550 
.1267 
-.1262 
.1280 
-. 1280 
. 3662 
.4145 
-.J66o 
.2597 
-.0183 
-- 77.53 
31 
Slack bus power s P - jQ = 1 .6655 + j .7753 per unit. 
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9) U S  B R  
( ' ) North Switch _______ ,...... __ ,, _,,__ 
West { 2 ) 
Wate r Dept. SDSU 
( 7 )  ( 6 )  
( 8 )  Power Plant 
South Swi tch 
( 3 )  
South E n::�t 
(4) 
Fig . G .  System with 2500 "&IA load bus ad�ed. 
( 5 )  
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1 15Kv 8us 
3M 
(1 0) 
2 3 4 5 6 
5.B f>5 -:- 8 0 �55 7D - 146 
j 1 1 1 7 +j l 7 7  tj l 360 +J l46 
- 8 0 .;> 1 7 -Z:>7 
t) l 77 j 3:B tJ � I 6 
-� =, 7 1 2.J � &  -z \ 6  - i =:,3 
+J Z I 6 :J I Z.L\ 9  t) ZO O  ti i=B 
-�l b � 6 <3 
"tJ zoo :J 6J 5 
�1 52.( -_2>0 0 0  
�J (/i 1 I titi34 0 
- 3 000 4600 - 1 6 00 . 
t\ 63-40 j91�0 ij � 4 4C 
-_ 5570 -: 1600 7 1  ·r6 
t) l ?.J)O t} 34 4D :)4740  
2 
3 
4 
5 
6 
7 
8 - ) 40 -. 8 3.3 , 9.7 �  
9 
10 
+J 1 4 0  
- 75" 
-ij 160 
+J 833 
... 
-75 
tJ /  60 
, .
-4 5"Z - 77.7 
t) 4 1 5 +J Ti 
Table 7 .  Ybus matrix representation of Fig. a.· 
-:J 9 73 
V • _,_ 
J4 
9 10 
- rs 
+J l &o 
.... .... 
- 4SZ 
t) 4 1 5  
- 75 -77. 7 
+-J t lo +J 71. 
l SO 
-J 3Zb 
�Z, 9.1 
I -J486 
The final per unit bus voltages and line nows for the system of 
Figure G are given in Tables G-1 and G-2 respectively. 
TABLE G-1 . BUS VOLTAGES FOR FIG. G 
Bus Code Voltages 
(E!:r unitl 
l 0.9999 - j.0060 
2 0.9996 - j.0082 
J 0.9991 - j.0089 
4 0.9987 - j.0097 
5 1.0000 - j.0058 
6 1.0000 - j.0059 
7 0.9999 - j.0060 
8 0.9991 - j.0088 
9 0.9987 - j.0095 
.... ,.. ... . _.,. . ._... _  
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TABLE G-2. CALCULATED LINE FLOWS FOR FIG , G 
Bus Code Line Flows (per unit) 
------�p- Q 
1-2 
1-7 
1-8 
1-9 
2-l 
2-J 
J-4 
3-8 
3-2 
4-J 
4-10 
10-4 
10-.5 
.5-10 
.5-6 
.5-9 
6-5 
6 ..
. 
- /  
7-1 
7-6 
8-J 
8-1 
9-1 
9-.5 
-. 4237 
-. 0194 
-. ,5148 
. 9582 
.4233 
-. 2.56.3 
-. 2676 
. 0130 
. 2.562 
. 2674 
. 1046 
-.1046 
. 3520 
-. J.532 
-.5859 
. 9407 
. ,5859 
-. 0849 
. 0194 
. 0849 
-. 0130 
. 5136 
-. 9609 
-. 9433 
-. 1296 
-. 0J49 
-. 2903 
.4.5.52 
.130.5 
-. 0490 
-;1004 
. 0.501 
.0492 
.1( 6 
. 0810 
. -. 0810 
. 2021 
-. 2010 
-.2518 
,448.5 
. 2518 
-.0121 
.0349 
.0121 
-.0501 
.2915 
-.4495 
- , L� ',29 
.ck bus power s p - jQ = 1,901.J.2 + j. 8924 per unit. 
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CHAPTER VIIl 
CURRENT CARRYING CAPACITY 
To evaluate the results obtained, it is necess ary to know the 
current c arrying capacity of the cables that comprise the system. 
These cables are the 2/0 ACSR that is used on the 42 KY lines  and the 
JJ6 .4  MCM-ACSR that is used on both the 42 KV and the 11.5 KV lines. 
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The maximum current carrying capacity of a 2/0 ACSR at .50°c (122°F) ,  
_ .,,,,._  
whic h is  a c ondition set in  this study, is  equal to  202 8mperes. This 
c urrent is the po wer equivalent ofs 
S = fl X 42 X 202 = 2 94 p U 5000 • • • 
I n  terms of the 90% power factor the real and ima ginary parts of the 
powe r are a 
S = 2. 64 + jl.16 p .u. 
To be consistent with S tagg and El-Abiad, lagging current c omponents 
are interpreted as positive vars . 
The 336 . 4  MCM-.. 4.CSR at 50°c has a ma.icimu.."?1 current carrying capacity 
of 398 amperes regardle ss of the voltage . Howeve r ,  the equi valent powe r 
differs according to th�:- voltage conside red. Consequently, on the 
42 KV lines the equivalent power isa 
S = fl x  42 x 398 = 5. 81 p. u • .5000 
While on the 115 KV ,  the equivalent power equals , 
S = -{J'x ll5 x 398 = 16 p .u. 5000 
This , in terms of the 90fa power, is equal toa 
S = 5.22 + j2. 255 
be 42 KY lines and 
s = 14 .4  + j7 
b.e 115 'iJl lines . 
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CHAPTER IX 
DISCUSSION 
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A comparison between  the maximum current carrying capacity of th e  
lin es and the actual current flowing through the line s  shows that lines 
are within limits of current carrying capacity as see n  in Figur es A 
through G .  In other words, with 55'1, loading capacity and a 9CY/, power 
factor,  the 42 KV syste m operates satisfactorily • 
. 1-
0f the two main lines supplying power to the city, the USBR-North 
Switch l ine is always the mo st h eavily loaded. This, in normal opera­
tion , does not represent a significant problem. However, an in crease in 
the loading capacity couple d with the occurrence of a fault on the 
115 KV line may result in abnormal operation of the system.  If such 
a situation is sustaine d for a long time, the USER-North S witch line 
can suffer fro m  damage due to overhe ating of the cables. F igure G is 
an example of this. An incre ast of loading to three times its present 
capacity ui th the 11.5 KV line out of operation results in damage to the 
USER-North Switch line since it will be carrying curre nt in excess of 
its maximum capa�ity.  
The poi,,'lr delive red to the system in all the schemes studie d is 
approximately constant exce pt for the scheme of Figure G. It  is in 
, this sc heme that the JH subDtation is added and accordingly, due to 
the increase in loading , the power delivered to the syste� is slightly 
higher than in other schemes . 
The Power Plant-So uth Switch line and the South Switch• South East 
line do not seem necessary in normal operation . These two line 
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together with the North Switch-Water Department line can be safely 
removed from the syster: provided that the USBil-North Switch line and 
the 115 KV line are both in operation. The system can then perform 
adequately in a radial manner. This is shown in Figure B .  An examina­
tion of this diagram indicates that the West-South Switch line carries 
absolutely no power since the South Switch bus does not supply any 
power. 
In case either the USBR-North Switch line or the 115 KV line is 
disconnected, it is imperative to have either the North Switch-Water 
Department or the South Switch-South East line connected in order to 
have all substations in or, 3ration. Figure C and Figure D demonstrate 
the importance of having the North Switch-Water Department line 
conn•Z·?Cted when either of the two ma.in supply lines is disconnected. 
Once again, it is clear that th 42 KV system operates satisfac­
torily in its present capad.t.y. The addition of the 3M substation does 
not bring any problem to the system. In general, the voltage profile 
voltage from . 998 - j. 010 to 1. 00 - j. 014. 
If the 42 KY system is adequate as it has been stated, what is then 
the cause of the low-voltage problem? Since in this study only line 
impedances were taken into consideration, it now seems appropriate to 
investigate the effect of transformer drops as related· to the low­
voltage problem. A look at a typical section of the electrical system 
will suffice here. This is illustrated in Figure 1. 
115 KV 
(1) 5000 KVA X1 
41, 6 KV 
( 2) 2500 KVA Xz 
4160 V 
(160)  15 KVA X3 
240 V 
Fig, 1, Section of the electrical system without capacitors, 
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It is assumed that each transformer reactance is .08 p.u, on its 
own base and that the 5000 KVA and the two 2500 KVA transformers are 
fully loaded, Also , the 160 15-KVA transformers are loaded to 20� , 
the line drops are neglected and the power factor is 90%, What is the 
voltage V 1n? 
On the 5000 K.VA basea 
X = 
, 08 x 5000 = . OB p.u. 2 2500 X 2 
x� : , 08 X 5000 : , 16 p,U, 
J 15 X 160 
With l p.u, current and 1 p, u, voltage at ,9 power factor at the loads 
Vin = j ( .08 + , 08 + , 16) x 1 + , 9 + j,4J6 
V1n = .9 -t· j, 7.56 p.u. or Vin
= 1.175/ 39° • 
This  value of V in sh ows that there is a definite relatio nship 
betwee n  the low vol tag e  delivered to the c us tomer an d  the transform.er 
drops. In order to improve on power delivered to the customer, there 
mus t be ways of reduc ing reactance dr ops in th e system. One of the 
ways is to add shunt capac itors to th e sys tem. 
X2 = . OS p. u. 
115 KV 
5000 KVA 
2500 '!rfA 
2000 h.'Var 
15 KVA T 
240 V 
Fig. 2. S ection of the electrical system with capacitors. 
Adding 2000 KVar capac itors on the 4160 V bus,  as  it is shovm in 
Figure 2 ,  leads to the following phase r r epre sentations 
4160 V = 1. 08 / 33. 5° 
.16 
240 V = 1 p. u. 
.4J6 
Fig, 3. Phaser repres entation of the system of Fig. J. 
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4J 
With a 1 p , u. current through X3 the voltage at 416 0  V is equal to e  
V = . 9 + j,4J6 + j, 16 = , 9  + j. 596 
V = 1 , 08 /33 , 5° p . u. 
This voltage is 90° out of  phas e wi th th e current Ic through the 
capacitors . Therefo re a 
Ic = 2
000 f JJ 50 + 900 5000 �---·----
Io = .4/123° p . u. 
Adding t1w current through X.3 to the current through the cap citors 
gives the primary curren� ( Ipri) •  
Ipri = 1 J!!:._ + • 4 / 12�� 
Ipri = . 779 + j. JJJ p . u. 
The Vin voltage is then  given bya 
Vin = Ip·� iX + V 
where IpriX is referre d to the primary voltage . 
Vin = ( . 779 + j. JJJ ) ( j, 08 + j, 08) + , 9 + j, .596 
V1n = , 8.5 + j. 72 = l , ll j39. 5o 
Comparing this voltage, obtaine d with capac itors in the sys tem, 
with the vo ltage obtained without capacito rs in the system , it follows 
that the addition of  shunt capacitors improves on  the voltage deliver d 
to the customer by several perce nt. 
Therefore, one way to solve the problem of low voltage is to add 
shunt capacitors to the system across the 4160 volt bus .  This is 
econon:.ically fe asible since the system in ques tion already has banks of 
capacitors ready to be installe d but not yet connecte d  to the system. 
Also, the estimated price of $7 ,00 per 1'Var capacitor does not seem 
expensive in view of the low-voltage problem faced by the output system. 
BIBLIOGRAPHY 
Stagg, Glenn W. , and Ahmed H. El-Abiad, Computer Methods in Power 
Syst��� �y .;�, McGraw-Hill Book Company, New York , 1968. 
Stevenson, William D., Elements of Pow�! System Analysis , Second 
Edition, McGraw-Hill Book Company, New fork, 1962. 
Central Station Engineers of the Westinghous e Electric Corporation , 
0Electrical Transmission and Distribution Reference Book , "  East 
Pittsburgh, Pennsylvania, 1964. 
Golden,  James T., Fortran IV Programming and Computi!_!g, Prentice-Hall, 
Inc, , New Jersey. 
